High-resolution structures have given an extremely detailed view of aspects of ribosomes, including some near-functional states. Here, we review the importance of cryo-electron microscopy, among other techniques, in giving an understanding of the higher dynamics of the ribosome accompanying active recruitment of mRNA to the small subunit and translocation of tRNAs. Recent data show that careful use of a variety of different techniques is necessary for a proper understanding of the basis of function in systems such as the ribosome.
Ribosomal structure and translation
There has been a revolution in our understanding of ribosomal function and mechanism because of the extraordinarily detailed insights into its structure that have been achieved in the last decade. Ten years ago, Steitz and coworkers published a 9 Å (1 Å = 0.1 nm) X-ray crystal structure of the 50S prokaryotic large subunit [1] ; within 2 years, this structure had been refined to 2.4 Å [2] , and at the same time the Ramakrishnan and Yonath groups produced 30S prokaryotic small subunit structures at 3.05 and 3.3 Å resolution respectively [3, 4] , subsequently further refined [5, 6] . Successful crystallography of the 70S two-subunit complex, with tRNAs bound, followed rapidly [7] ; since then, structures of a number of functional complexes of small and large subunits and of subunit couples, with antibiotics and protein and tRNA ligands, have been determined. Thus prokaryotic translation initiation factors IF1 (initiation factor 1) and IF3 have had their structures determined bound to the small subunit [5, 8] , as have an operator-containing mRNA within an initiating ribosome [9] , a ribosome recycling factor in a recycling ribosome [10] , and release factors 1 and 2 in a terminating ribosome [11] for 70S complexes. The highestresolution structure of a 70S ribosome is a 2.8 Å structure with three tRNAs [12] (Figure 1a ), revealing among other things a 45
• kink between A and P sites that defines their border, and the tight manner in which tRNAs are handled between the two subunits. This structure also showed details, such as the precise locations of 1446 magnesium ions in the two 70S complexes within the crystallographic asymmetric unit, performing key structural roles including being the core features of some intersubunit bridges [12] .
The overriding impression gained from the crystallographic studies to date has been of the strength and integrity the ribosome achieves through the complexity of the folding of its rRNA, wound through with its constituent proteins, and in particular by their extended tails and loops, which can only achieve their native fold in the context of the folded ribosome itself (Figure 1b) . By comparison of the crystal structures now determined, the existence of many subtle conformational changes that are involved in handling tRNAs, in recognition of cognate codon-anticodon interactions, and the movements of helix 44, which forms a backbone for the small subunit, have been detected in detail [13] [14] [15] [16] . Comparison of the overall conformation of features such as the small subunit head between an Escherichia coli crystal structure and a Thermus thermophilus one has led to the existence of more dramatic conformational flexibility being inferred [16, 17] . Indeed, so numerous are the details that are now known, and that crystal structures have revealed, that they cannot all be documented or commented on in the papers describing them. A good example might be the protein S13 (clearly forming a gate between A and P sites [12] , and deployed on A-site tRNA accommodation [18] such that the A-site tRNA will not be able to migrate to the P site unless it surmounts the gate or the gate is removed) but in the context of a structure of the size and complexity of the 70S ribosome not commented on until a recent review [19] ( Figure 1c ). In sum, the crystallographic data have suggested that ribosomes contain numerous switching helices and bases, within which local conformational changes create important new functional states, but that they are overall relatively rigid, providing a landscape over which other molecular players perform. (a) A view of the 2.8 Å T. thermophilus crystal structure solved by Ramakrishnan and co-workers [12] , with the small subunit on the left (rRNA in yellow, proteins in red) and the large subunit on the right (rRNA in blue, proteins in orange). The anticodon stem-loop of a tRNA is present in the A site (dark green ribbon), and full tRNAs in the P and E sites (light green and cyan respectively; the same colour scheme as that used for these tRNAs is used in the rest of this Figure) . The mRNA in the complex is coloured magenta. (b) A sectioned depiction of the same view as in (a), to show the handling of the tRNA between both subunits, and the interweaving of protein tails and rRNA helices. (c) Views of the interaction of protein S13 and tRNAs according to Noller and co-workers (left, [18] ) and Ramakrishnan and co-workers (right, [12] ). It appears that the presence of an A-site tRNA in the right-hand complex causes the C-terminal tail of S13 to be extended between it and the P-site tRNA. See [19] for further discussion. indicate, and, indeed, a hybrid approach to understanding its structure and function is increasingly becoming as necessary for the ribosome as it has long been, for example, in viral structural studies [20] . A good example would be the L7/L12 stalk beside the tRNA accommodation site, which has eluded a detailed crystallographic understanding [2, 12, 19] . The most detailed atomic model to date from crystallography is for L10 with L7/L12 in isolation [21] ; in the context of the ribosome itself, only the base of the stalk formed by L11 and L10 have been resolved in any detail [22] .
On the other hand, cryo-EM (cryo-electron microscopy) reconstructions have revealed a variety of different stalk conformations: folded in, extended out, bifurcated [23, 24] ( Figure 1d ). The obvious conclusion is that the inability to resolve the stalk by crystallography derives from a necessary limitation of the crystallographic approach, since the stalk has alternative conformations [16, 23] . The dynamic nature of these alternative conformations has been shown directly using NMR, where resonances deriving from the stalk's constituent proteins could be resolved in the context of the ribosome [25] . Since the ribosome is obviously far beyond the upper size limit for resolution of resonance peaks, the ability to study the stalk in its native context must derive from a highly dynamic state [25] . Furthermore, MS has shown a high level of compositional, as well as conformational, variability in the stalk region [26] and, related to this, it is known that hybrid ribosomes are viable in which the stalk from one species is replaced by that from another, such as replacing a prokaryotic stalk with a mammalian one (e.g. [27] ; reviewed in [22] ).
Restructuring the ribosome
Cryo-EM has also allowed visualization of resculpting of the internal cavities and channels of the large subunit in erythromycin-resistant mutants in L22 and L4, which intersect with the polypeptide tunnel [28] . Indeed, it has long been a matter of debate whether and to what extent the large subunit of the ribosome contains channels, how many exit tunnels there are, or how many exits the tunnel has, and how dynamic the tunnel might be [29] [30] [31] [32] . The crystallographic answer (Figure 2a ) appears to be that the large subunit is riddled with channels, pores and cavities such that solvent can freely diffuse throughout the structure, but that no channel other than the canonical polypeptide exit tunnel is occupied by the nascent polypeptide, and that it is not big enough for anything wider than an α-helix [32] . On the other hand, such a conclusion clearly paints the large subunit as being somewhat like a sponge [33] , and sponges can morph rather substantially due to solvent extrusion through their non-rigid structure. The RNA that forms the core of the large subunit is non-rigid but tense, as described elsewhere [16] . Another feature of the structure of the large ribosomal subunit that will be important in its conformational variability is the fact that its rRNA domains are arranged in a modular fashion around the tunnel region, rather than being interwoven or the tunnel being formed by a single domain (Figure 2a ). Cross-linking [34] and fluorescence studies [35] as well as cryo-EM [31, 36] indicate a high degree of dynamism and the retention of significant amounts of polypeptide in the tunnel in non-linear conformations; this is understandable in the context of a highly dynamic, solvent-filled large subunit. Protecting nascent polypeptides in this way could guard against proteolysis or aggregation, and even assist folding: it has been shown that domain V of the 23S rRNA (at the top of the exit tunnel), in particular, can have a chaperone-like action [37] . In functioning ribosomes, the way in which the SecM peptide pauses translation [38] , or the way in which the tryptophanase operon functions [39] , must rely on the highly sensitive way in which the dynamic structure of the large subunit is subtly switched between alternative states. Another feature of functioning ribosomes is dynamics of the nascent protein itself: this is unlikely to be visible using crystallography approaches, but techniques peculiarly suited to positional disorder, such as NMR, have allowed a folded nascent protein to be resolved [40] .
The small subunit, too, contains a large amount of solvent, and is also modular in its architecture [4, 33] (Figure 2b) . The domains of the small subunit rRNA form respectively the whole of the head, body and platform within it, as well as helix 44 [4] . The domains of the large subunit constitute expansions from a single, central loop, and those of the small subunit are clustered around an RNA pseudoknot, which thereby acts to co-ordinate their relative positions [41] . Manipulation of this pseudoknot by ligands such as initiation factors therefore has the capacity to switch the subunit between alternative conformations. In eukaryotes, the initiation factors eIF1 (eukaryotic initiation factor 1) and eIF1A are known to bind in the region of this pseudoknot [42, 43] and have been studied bound to the small subunit by cryo-EM. Only very subtle differences in conformation were apparent in the cases of binary combinations of each of the eIFs and the small subunit, and indeed the eIFs themselves could not be resolved [44] . Since bound proteins of the sizes of eIF1 and eIF1A should be resolvable in cryo-EM maps at the resolution determined [31] , it would be of interest to investigate the 40S complexes with these two factors in more detail. Notably, a significant conformational change in the interaction of the head and body of the (eukaryotic, yeast) small subunit was resolved in the presence of eIF1 and eIF1A together, although again the bound proteins themselves could not be seen [44] . The latter work suggests that binding of small initiation factors to the central region of small subunit rRNA, on its intersubunit face at the top of helix 44, where the A and P sites are, can switch the conformation of the head on the subunit's solvent face. In the first published structural study of conformational change in the 40S subunit induced by eIFs, a more significant conformational rearrangement was observed upon binding of the yeast MFC (multifactor complex) of eIFs [33] . Binding of the MFC in the platform region of the small subunit was observed to cause an openingup of its whole structure, pivoting around the central region of the 18S rRNA structure where the head, body and platform meet (Figures 2c and 2d) . This has the effect of converting the mRNA entrance channel into a trough, such that loading the mRNA is no longer a question of threading, but of loading into an opened channel.
These observations gave rise to a new model for mRNA recruitment into the eukaryotic ribosome. In the cell, the incoming mRNA is bound with the eIF4F cap-binding complex, and is potentially circularized, since the poly(A) tail can bind to poly(A)-binding protein that also binds the eIF4F scaffolding component eIF4G. Therefore loading into an open channel is a more plausible model for mRNA recruitment into the scanning helicase [45, 46] centre of Figure 2 Modular architecture of the ribosome and its application (a) On the left, the 70S crystal structure with three tRNAs [12] with its rRNA domains rendered and proteins and tRNAs displayed as ribbons in grey and black respectively. The domains of the small subunit are rendered yellow (3 major domain, forming the subunit head), light orange (5 domain, forming the body), dark orange (central domain, forming the platform) and red (3 minor domain, consisting mostly of helix 44). The 23S rRNA domains of the large subunit are rendered cyan (domain I), green (II), light blue (III), dark blue (IV), purple (V) and magenta (VI) and the 5S rRNA is rendered pink. In the middle, a sectioned view to show the tunnel through the middle of the large subunit; on the right, a similarly sectioned view for a cavity analysis of this structure, with proteins and RNA coloured yellow and water-accessible cavities within the structure coloured blue. The black bar marks the line of the large subunit tunnel. (b) Views of the small subunit, as in (a), to show the modular arrangement of its domains and the manner in which solvent content tallies with the regions between the domains. (c) On the left, a view of the reconstruction of the small subunit alone [33] with the head in blue and the body and platform in yellow and, at a higher contour level, in red. This shows the high density marking the covalent link between the body and platform. This is further highlighted by fitting the atomic structures (on the right), in which the covalent link between the body and platform is highlighted with red spheres, while the rest of the fitted atoms are coloured grey and only depicted by their backbones. The thumbnail below shows the fitted atoms alone, for reference. (d) As in (c), for the reconstruction of the 43S complex [33] . The head is rendered blue and the bound MFC is rendered magenta. On the left, the high-density tube between the body and platform (red) marks their covalent linkage. On the right, this is correlated to the position of the covalent link when the atomic co-ordinates are fitted. [49] in which the large subunit is coloured blue and the small subunit yellow, with EF2 in red, a bent, 'hybrid state' tRNA in green and, for comparative purposes, a normal P-site tRNA is added in magenta. On the right, an expanded view of the EF2-tRNA interaction, in red density, with fitted atomic co-ordinates for the constituent proteins. (b) A superposition of tRNAs alone (density, left) and the resulting atomic models (right, ribbon representation). The bent hybrid-state tRNA is again coloured green; a standard tRNA conformation as found in the P site is coloured magenta.
(c) Alternative states of EF2 found: an apo form (red), a sordarin-bound form on the ribosome (blue) and the form discovered by us in a functional ribosomal complex, engaged with tRNA (green). See [19] for more details.
the small subunit than is threading. This open channel loading mechanism also provides a plausible explanation as to how the IRESs (internal ribosome entry sites) of viral RNAs become loaded into the mRNA channel [33] . Besides much corroborative data that show how the cryo-EM reconstructed density matches such an interpretation, the underlying architecture of the small subunit rRNA also supports it, with switching around the head-body-platform nexus actually making use of the existing internal channels (compare Figures 2b-2d , in which the area of conformational change is associated with a solvent tube).
Intriguingly, this underlying architecture is conserved between prokaryotes and mammals, but crystal structures of prokaryotic ribosomes bound with IF1 (a homologue of eIF1A) [8] and IF3 (a homologue of eIF1) [5] do not show significant conformational changes of this order. On the other hand, these X-ray structures were obtained by soaking the IFs into preformed crystals, and the crystal contacts, which are much more extensive than those between the IFs and the ribosome, may have prevented the conversion of the small subunit into alternative conformations. In any case, there is accumulating evidence that the ribosome in general, and the small subunit in particular, is a metastable structure poised between alternative conformations, among which it is switched. The switches involved are the binding of protein factors without, in most cases, other energy inputs such as those derived from NTP hydrolysis. As a result, it is necessary to have very low and reversible barriers between alternative conformations, with effectively zero changes in free energy, such as could easily be overcome by crystal lattice energies. The use of a hybrid suite of techniques to study the structure of the ribosome both within crystals and when conformationally free in solution is therefore a necessity.
Ligand bending
Not only in the ribosome itself, but also in its ligands, dramatic conformational changes are increasingly coming to be seen as being functionally of great importance. For example, the bending of the tRNA anticodon stem-loop was posited from its crystal structure [47] , and now has been observed to various extents in a number of different processes key to translation. Not only in accommodation of tRNAs into the A site [48] , but also in the process of translocation between the A and P sites [19, 49] , the bending of tRNAs has been observed directly (Figures 3a and 3b) .
Indeed, for translocation, this appears to be a critical piece of gymnastics necessary to achieve tRNA movement through the intersubunit space, since such a bending when bound to the translocase EF2 (in eukaryotes; EF-G in prokaryotes) potentially allows them to skip the S18 (S13 in prokaryotes) gate that delimits in part the A and P sites [12, 18, 19] . The translocase itself also adopts a wide range of different conformations, depending on whether it is free in solution or bound to the ribosome, bound with GTP, GDP · P i , GDP or nothing [19, 50] (Figure 3c ). Teasing out these conformations has again relied on a combination of crystallography and other approaches. Indeed, visualization of tRNA bending in actively translating ribosomes inevitably involves study of samples for which crystallography is a very challenging approach.
Conclusion
In studies of the ribosome, no less than in studies of any other large multicomponent macromolecular complex, it has proved critically important to use a combination of technical approaches. Crystallography has provided insights of unequalled precision concerning defined states of ribosomes; NMR and MS have hinted at largely unresolved levels of dynamism between such defined states; and cryo-EM has allowed the visualization of a small subset of such states. In future years, all three such approaches: the study of defined structures at high resolution, the detection of their interactions and local regions of disorder by using NMR and MS, and the resolution in three dimensions of alternative conformational states by using microscopy approaches, will continue to play major roles, along with further spectroscopic approaches that can follow the dynamics of conformational changes, in revealing the physical basis of protein synthesis directed by genetic information. 
